Background: Classical swine fever (CSF) is one of the most devastating and highly contagious viral diseases in the world. Since late 2014, outbreaks of a new sub-genotype 2.1d CSF virus (CSFV) had caused substantial economic losses in numbers of C-strain vaccinated swine farms in China. The objective of the present study was to explore the genomic characteristics and pathogenicity of the newly emerged CSFV isolates in China during 2014-2015. 
2014-2015 were sequenced and analyzed. Moreover, the pathogenicity of one of these isolates, HLJ1, was evaluated.
Methods

Clinical samples, virus isolation and virus strains
More than 20 Clinical samples of lung, lymphatic, and spleen tissue were collected from pigs suspected to have CSFV infections in Shandong, Jiangsu, Hebei, Jilin and Heilongjiang provinces of China between October 2014 and August 2015.
Swine testicular (ST) cells were used for CSFV propagation and titration in RPMI Medium 1640 (Gibco, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Invitrogen), 0.1 mg/ml streptomycin and 100 U/ml antibiotic penicillin. Clinical tissues (Lungs) were homogenized using TissuLyser II (Qiagen, Germany) and centrifuged 10, 000×g for 10 min. The supernatant was filtered through a 0.45-μm filter and transferred to ST cells monolayer. The cells were incubated at 37°C for 1 h. Then prepared medium was added with 6 ml in volume and the cells were incubated for another 72 h. The cultures were harvested and then stored at − 80°C as viral stocks. CSFV adaptation in ST cells was conducted for at least 15 passages, and some normally co-infected porcine pathogens, including porcine reproductive and respiratory syndrome virus (PRRSV), pseudorabies virus (PRV), porcine circovirus type 2 (PCV2) and mycoplasma were detected in the viral stocks.
The cultures of the third passage of CSFV HLJ1 in ST cells were quantified and used for challenge virus. The CSFV Shimen strain, a highly virulent strain isolated in China in 1945, were also used as a reference challenge virus in the present study.
Primer design and RT-PCR
Six pairs of primers based on the published known sequence of CSFV Zj0801 (GenBank accession no. FJ529205) were designed for PCR analysis ( Table 1 ). The cultures were prepared for reverse transcription PCR (RT-PCR) using an RNA extraction QIAamp viral RNA Mini Kit (Qiagen, Germany). RT-PCR was conducted as previously reported [17] .
Genome cloning and sequencing
Genome cloning and sequencing was conducted as previously reported [17] . Briefly, RT-PCR products were analyzed by using 1% agarose gel electrophoresis, and the target fragments were excised from gels for purification using a Gel Extraction Kit (OMEGA, USA). The purified PCR products were then cloned into a pMD18-T vector (TaKaRa Dalian, China) and sequenced by Comate Bioscience (Jilin, China).
Phylogenetic analysis
The 8 new CSFV isolates and 44 reference CSFV strains (Tables 2 and 3) , based on the full of genome, were used for construction of phylogenetic tree (Fig. 1) . The phylogenetic tree was constructed using MEGA 5.1 with the maximum likelihood method based on 1000 bootstraps [18] . Multiple sequence alignments were generated using MUSCLE and MEGA software [19] .
Nucleotides and amino acid analysis
The complete genome sequences and deduced amino acid sequences of the 8 new isolates were analyzed and their homologies with other 8 representative CSFV strains were compared using the Clustal W method of Lasergene (Version 7.1) (DNASTAR Inc., Madison, WI, USA) (Table 4) .
To explore the genetic variations of the 8 new isolates, the nucleotide sequences of the 5'UTR and the 3'UTR and the amino acid sequences of E2 were fully analyzed by CLC Sequence Viewer 8.0, together with another 23 CSFV isolates from China and other countries. 
Experimental CSFV inoculation of SPF piglets
A total of 10 five-week-old specific pathogen-free (SPF) Bama piglets were obtained from the Experimental Animal Center of the Harbin Veterinary Research Institute, and were randomly divided into three groups (A, B, and C) and maintained in individual biosafety rooms. The piglets in group A (n = 3) were inoculated intramuscularly (2 ml) with Shimen strain at a dose of 1 × 10 7.0 copies. The piglets in group B (n = 3) were inoculated with the new CSFV HLJ1 strain with the same method and dose as group A. The piglets in group C (n = 4) were mock infected with 2 ml RPMI Medium 1640. Clinical symptoms were observed daily throughout the study, and rectal temperatures were recorded daily before feeding. Blood samples were collected at 0, 7, 14, 21, 28, 31, and 35 days post inoculation (DPI). All remaining pigs were euthanized on 35 DPI. Tissue samples were obtained from the hearts, livers, spleens, lungs, kidney, lymph nodes, tonsils, small intestines, bladders, and stomach for virus detection by RT-PCR, and histopathological or immunohistochemistry (IHC) examination. To determine the level of virulence of the new CSFV HLJ1 strain, the clinical scoring (CS) system was used as described previously [20] .
Histopathological examination and IHC
Tissue samples were subjected to histopathological and IHC examination as previously described [21, 22] . Briefly, tissue samples were fixed in 10% neural buffered formalin for 48 h, embedded in paraffin wax and sectioned. Thin sections with 4-μm thickness stained with hematoxylin and eosin (H-E staining) for histopathological examinations. 4-μm sections were treated with 3% hydrogen peroxide in PBS for 20 min followed by washes in PBS and digestion with 0.05% protease (protease XIV; Sigma) for 5 min at 37°C. Then washes with PBS, sections were incubated in blocking solutions with 8% skim milk for 40 min at room temperature. After washes with PBS, sections were incubated for 2 h at 4°C with rabbit antiserum against CSFV (saved by our laboratory) diluted 1:200 in PBS. Then washes with PBS, sections were incubated with anti-rabbit IgG-peroxidase antibody produced in goat (Sigma) diluted 1:400 in PBS for 40 min at room temperature. 
Phylogenetic analysis
A total of 8 new CSFV isolates and 44 reference strains, based on the full genome, were used to construct phylogenetic tree (Fig. 1) . CSFV isolates were divided into genotype 1, 2 and 3. Genotype 2 isolates were further Fig. 1 Phylogenetic analysis of the 8 new isolates and 44 reference strains based on the complete CSFV genomes. The 8 new CSFV isolates and 3 reference strains were located in a branch belonging to 2.1d sub-genotype, labeled by and , respectively. The Shimen strain and its attenuated live vaccine strain, HCLV, were located in another branch belonging to 1.1 sub-genotype, labeled by divided into sub-genotype 2.1, 2.2, and 2.3, and sub-genotype 2.1 isolates could be further subdivided into 2.1a, 2.1b, 2.1c, and 2.1d, which were consistent with the classification results based on E2 and partial NS5B gene [17] . Phylogenetic tree also showed that the 8 new isolates and 3 reference CSFVs (Zj0801, Heb52010 and PC11W) belong to sub-genotype 2.1d. The virulent Shimen strain and its attenuated live vaccine strain HCLV belong to sub-genotype 1.1.
Analysis of full-length genomic sequences
The complete nucleotide sequences of the 8 new CSFV isolates were compared with 8 representative CSFV isolates, including Shimen, Paderborn, HEBZ, HNSD-20, Zj0801, CSFV39, Alfort and TWN ( To further examine the genomic variation of the 8 isolates, their genomic characteristics were analyzed in detail. Compared with the representative isolates, the 5'UTRs of the new isolates were the most conserved Table 4 .
Sequence analysis of UTRs
Compared with sub-genotype 1.1 isolates, the 5'UTRs of the new isolates had a nucleotide A deletion at position 49 (A 49 ), which was similar to most of the 2.1 isolates (Fig. 2) . In addition, the 5'UTRs of the 6 new isolates (SDSG1410, HB150309, JL150418, NK150425, SDZC150601 and HLJ1) had two continuous nucleotide A deletions at positions 357-358 compared with 2.3 isolate Broken (GU233731), while other 2 new isolates (SDLS1410 and JSZL1412) show only one nucleotide A deletion at these positions (Fig. 2) . And most of the CSFV isolates shared the characteristic of the two continuous deletions at these positions (Fig. 2) .
Compared with the vaccine strain HCLV, the 3'UTRs of all the 8 new isolates had 12 continuous nucleotide deletions (TTTTTCTTTTTT) at positions 63-74, which were similar to most of the CSFV isolates (Fig. 2) . However, among the 23 reference CSFV isolates, the CSFV-PK15C-5NG79-11 (KC503764) strain had 7 nucleotide deletions (CTTTTTT), and the CSFV/IVRI/ VB-131 (KM262189) strain had 9 nucleotide deletions (TTCTTTTTT). The other two strains, RUCSFPLUM (AY578688) and Rovac (KJ873238), had 11 nucleotide deletions (TTTTTCTTTTTT) at these positions (Fig. 2) . In addition, compared with 1.1 isolates, the 3'UTRs of most 2.1 isolates, including the 8 new isolates, had two discontinuous nucleotide T deletions at positions 182 and 210, respectively (Fig. 2) .
Amino acid analysis of E2
The E2 amino acid sequences of the 8 new isolates and 23 reference isolates were compared and analyzed (Fig. 3) . And some unique molecular characteristics were found for the new isolates, including the amino acid R at . And these molecular characteristics were consistent with 2.1d isolates and some 2.1b isolates. In addition, the two new isolates, SDLS1410 and SDSG1410, were S 36 , different from all other isolates. Similarly, at position 210, the SDLS1410 was amino acid Y, and all other sub-genotype isolates were amino acid D (Fig. 3) .
Experimental CSFV inoculation of SPF piglets
The piglets in groups A and B displayed obvious clinical signs, including fever, anorexia and diarrhea, reddening of the conjunctiva and ocular discharge, shivering, and lethargy. In addition, the onset of fever was significantly sooner in group A (Shimen inoculation) than in group B (HLJ1 inoculation) (Fig. 4a) . Furthermore, 3/3 piglets in group A died and 2/3 piglets in group B died at 11 DPI (Fig. 4b) . The piglets in group C showed no clinical signs throughout the experiment. Based on the CS system, each pig was judged daily after experimental inoculation. The peak CS value of Shimen-infected and HLJ1-infected pigs were determined to be 25-26 and 12-14, respectively, indicating that the HLJ1 strain was moderately virulent (5<peak CS ≤15) (Fig. 4c) . The groups A and B piglets showed lesions typical of CSF, such as necrosis in the tonsils, hemorrhaging in the lymph nodes, splenic infarcts and pint hemorrhaging in almost all of the organs (Fig. 5a1-a3 and b1-b3) . Histopathology revealed lymphocyte decrease accompanied by partial lymphoid follicle atrophy in tonsils, interstitial pneumonia, and inflammatory lymphohistiocytic infiltrates in the kidney and liver, necrosis of white pulp and lymphocyte depletion in the spleen and varied degrees of hyperemia and hemorrhage in most tissues (Fig. 5a4-a6  and b4-b6 ). In addition, the immunoreactivity was observed in the crypt of tonsil of the piglets in groups A and B (Fig. 5a7 and b7) . Virus detection of different tissues and serum samples showed that all samples of piglets in groups A and B were positive, while samples of piglets in group C were negative (data not shown).
Discussion
CSF is one of the most devastating and highly contagious viral diseases that has caused huge economic losses to pig farms and remains a lingering problem in many parts of the world [23] . Since nationwide vaccinations were implemented, large CSF outbreaks have been rare. However, no regions have been declared free of CSF, and there is still a long way to go to control and ultimately eradicate CSF in China [24] . Four CSFV sub-genotypes, 1.1, 2.1, 2.2, and 2.3, have been identified in mainland China [10] . And a new sub-genotype 2.1c was emerged in China recently [15] . Since late 2014, a Fig. 3 Amino acid sequence alignments of E2 genes of the 8 new CSFV isolates and 23 reference isolates. The special mutation positions of these isolates are indicated by red boxes ( ) and described in detail in the text new sub-genotype 2.1d isolates were emerged and identified in China [17, 25] . In the present study, we first reported 8 newly emerged CSFV isolates in China in 2014-2015.
The 5'UTR, partial E2 (190 nt), and partial NS5B (409 nt) gene sequences have been widely used for classification of CSFV isolates [26, 27] . Postel et al. reported that the full-length E2 gene sequence provides better resolution for phylogenetic analysis [28] . And identification of sub-genotypes 2.1c and 2.1d was based on the full-length E2 gene sequence [15, 17] . Some labs reported that the whole genome sequence of CSFV could provide more reliable classification criterion [29, 30] . In the present study, the phylogenetic tree was constructed based on the complete genomes. And 8 new isolates were classified into 2.1d sub-genotype (Fig. 1) , which was consistent with the results that the phylogenetic tree was constructed based on the full-length E2 gene or partial NS5B gene (data not shown). Interestingly, the 2.1d isolates were located in a relatively concentrated branch close to 2.1b isolates (Fig. 1) . The reason may be that sub-genotype 2.1b isolates have become predominant within the last decade in China and the new 2.1d isolates are found to possibly diverge from 2.1b isolates [12] [13] [14] 31] .
The complete genomic sequences of the 8 new CSFV isolates were compared with other representative CSFV isolates ( Table 4 ). The results indicated that the 8 isolates shared the highest nucleotide homology with Zj0801, the representative strain of sub-genotype 2.1d. And these new isolates also showed high homology with the sub-genotype 2.1b isolate, HEBZ. These results were consistent with the result of phylogenetic analysis. In addition, we also found that the 5'UTRs of the 8 isolates were the most conserved regions in the genomes. And NS3, NS4A and NS4B proteins were more conserved than other regions in the CSFV genome.
The 5'UTR and 3'UTR have been documented to be crucial regulatory elements in the CSFV genome [32] . Sequence alignment showed that the 5'UTRs of the 8 new isolates had the same nucleotide deletions at positions 44 compared with 1.1 isolates (Fig. 2) . However, compared with 2.3 isolate Broken, the 6 new isolates (SDSG1410, HB150309, JL150418, NK150425, SDZC150601 and HLJ1) had two continuous nucleotide A deletions at positions 357-358, which was identical to most of the reference CSFV isolates. And other 2 new isolates (SDLS1410 and JSZL1412) show only one nucleotide A deletion at these positions (Fig. 2) . Whether the deletions affect the structural characteristics of the 5'UTRs requires experimental confirmation. However, CSFV virulence may vary according to the number and shape of the pseudoknot loop in the secondary structure of 5'UTR and its positional direction in three-dimensional space [29, 33] . Thus, the two groups isolates may have different virulence characteristics.
The 3'UTR is the region with the most variation in the CSFV genome. And the poly-T deletion in the 3'UTR is an important virulence factor and becomes an attenuated-symptom phenotype of CSFV [34] . In the present study, we found that all the 8 new isolates had the poly-T deletion region compared to the vaccine strain HCLV (Fig. 2) . We conclude that these isolates were virulent wild CSFV strains with similar virulence. In addition, we also found several previous reported isolates, including CSFV-PK15C-NG79-11, CSFV/IVRI/ VB-131, RUCSFPLUM and Rovac, with different deletions in this region, which suggested the differences in the pathogenicity of these strains. Recently, a unique poly-T tract was discovered in the 3'UTR of the CSFV Pinar del Rio strain compared with all other CSFV isolates [35] . And whether this novel insertion affect the pathogenicity of the virus remains unknown. In addition, many studies reported that NS3, NS5A and NS5B of CSFV can interact with 3'UTR to regulate viral RNA synthesis and replication [36] [37] [38] . In this study, we also found the 3'UTRs of the 8 new isolates and most sub-genotype 2.1 isolates had two discontinuous nucleotide deletions compared with those of 1.1 isolates (Fig. 2) . Whether nucleotide deletions in the 3'UTR affect the interactions with other proteins requires further research.
The E2 protein is the most antigenic protein of CSFV and is involved in virus neutralization [39] . Four antigenic domains, A (86-176 amino acids), B (1-83 amino acids), C (1-110 amino acids), and D (86-110 amino acids), have been mapped on E2 [40] . And domain A has been subdivided into A1, A2, and A3 [40] . In the present study, we found several unique amino acid substitutions for the new isolates on these domains and other regions (Fig. 3) . However, the influence of these substitutions on the structure and function of E2 requires further study. In addition, the six cysteines at positions 4, 48, 103, 129, 139, and 167, which were essential for binding by monoclonal antibodies of the four domains, showed no variation in the E2 proteins of these isolates [40] . Furthermore, the potential N-glycosylation sites in the E2 proteins of the 8 isolates were consistent with previous isolates.
The CSFV genotype 1 isolates, such as shimen, showed high pathogenicity, and the Chinese lapinized attenuated vaccine (C-strain) was acquired through the attenuation of the strain, while the genotype 2 or 3 isolates revealed moderate or low virulence [41, 42] . However, Floegel-Niesmann et al. reported that two CSFV isolates, CSF0277 and CSF0849, belonged to sub-genotype 2.1, had been characterized as moderately and highly virulent strains, respectively [43] . In the present study, the pathogenicity of the new HLJ1 isolate which belonged to sub-genotype 2.1d was assessed. Results of animal experiments indicated that the pathogenicity of HLJ1 was less than Shimen (Figs. 4 and Fig. 5) , and was similar to HLJZZ2014, a sub-genotype 2.1d isolate with moderate virulence identified recently [44] . In recent years, the C-strain vaccine was widely used to prevent CSFV infection in China. And this vaccine can supply complete protection against the HLJ1 challenging in the lab (data not shown). However, the new sub-genotype 2.1d CSFV isolates could also be epidemic in many immunized pig farms, which was worth of vigilant. The deeper reasons, such as immunization program, vaccine quality, interference by other pathogens and so on, need further study.
Conclusion
The complete genomes of 8 new CSFV isolates were fully analyzed in the present study. We found that the 8 isolates all belonged to genetic subgroup 2.1d. And some genomic variations or deletions were found in the UTRs Fig. 5 Gross and histological lesions of tonsils, lungs and kidneys of piglets in different groups. Piglets infected with Shimen (a1-a3) or HLJ1 (b1-b3) showed obvious necrosis, hemorrhaging or hemorrhagic spots than mock-infected (c1-c3) piglets. Histopathology of tonsils, lungs and kidneys of Shimen-(a4-a6), HLJ1-infected (b4-b6) piglets manifested partial lymphoid follicle atrophy, interstitial pneumonia or lymph histiocytic infiltrates than control (c4-c6). Viral antigen of CSFV was detected in the tonsils of piglets in Shimen-or HLJ1-infected groups by means of IHC staining (a7, b7). The tonsils of piglets in control group were negative for CSFV (C7). Original magnification, × 200 and E2. Furthermore, we found that the pathogenicity of the new HLJ1 isolate was less than Shimen. And the sub-genotype 2.1d isolates could be classified into the CSFV strains with moderate virulence. In any case, the epidemic of these isolates should be focus on monitoring and the information of the present study should be considered when establishing control and vaccine strategies for CSF. 
